The ability for cut tissues to join together and form a chimeric organism is a 37 remarkable property of many plants, however, grafting is poorly characterized at the 38 molecular level. To better understand this process we monitored genome-wide 39 temporal and spatial gene expression changes in grafted Arabidopsis thaliana 40 hypocotyls. Tissues above and below the graft rapidly developed an asymmetry such 41 that many genes were more highly expressed on one side than the other. This 42 asymmetry correlated with sugar responsive genes and we observed an accumulation 43 of starch above the graft that decreased along with asymmetry once the sugar-44
recognition mechanism activated that was independent of functional vascular 48
connections. Auxin which is transported cell-to-cell, had a rapidly elevated response 49 that was symmetric, suggesting that auxin was perceived by the root within hours of 50 tissue attachment to activate the vascular regeneration process. A subset of genes 51 were expressed only in grafted tissues, indicating that wound healing proceeded via 52 different mechanisms depending on the presence or absence of adjoining tissues. Such 53 a recognition process could have broader relevance for tissue regeneration, inter-54 tissue communication and tissue fusion events. 55
INTRODUCTION 57
For millennia people have cut and rejoined plants through grafting. Generating such 58
Previous analyses revealed an asymmetry in several genes important for tissue 137 reunion or graft formation and identified a number of genes expressed above a cut 138 that were not expressed below (4, 9) . To investigate whether asymmetry was a 139 common feature of grafting and tissue reunion, we generated RNA deep sequencing 140 libraries from Arabidopsis thaliana hypocotyl tissues immediately above and 141 immediately below the graft junction 0, 6, 12, 24, 48, 72, 120, 168 and 240 hours after 142 grafting (HAG)( Figure 1A ). Prior to RNA extraction, we separated top and bottom 143 tissues at the graft junction. We found that the strength required to break apart the 144 graft junction increased linearly ( Figure S1 ) similarly to previously reported breaking 145 strength dynamics of grafted Solanum pennellii and Solanum lycopersicum (22, 23) . 146
When pulling apart grafts to separate top and bottom for sample preparation, grafts 147 broke cleanly with minimal tissue from one half present in the other half ( Figure S1 , 148
Movie S1, S2). We measured the amount of tissue from tops adherent to bottoms and 149 vice versa ( Figure S1 ) and found less than 4% cross-contamination. In addition to 150 grafting, we also prepared libraries from ungrafted hypocotyls ("intact" treatment) 151 and cut plants that had not been reattached ("separated" treatment)( Figure 1A ). We 152 herein refer to tissues harvested above the graft junction or from the shoot side of 153 separated tissue as "top" and that from below the graft or from the root side of 154 separated tissue as "bottom" ( Figure 1A) . 155
156
RNAs that were differentially expressed as a consequence of grafting (compared to 157 intact hypocotyls) equally in tops and bottoms of grafts (symmetrically expressed) or 158 were more highly expressed in one tissue than the other (asymmetrically expressed), 159
were identified by performing a pairwise analysis of the protein-coding transcriptome 160 datasets that were differentially expressed relative to the intact group. Several 161 thousand RNAs were identified that fit either pattern of expression including the 162 transcript of the cambial markers HCA2 that was induced symmetrically, and ANT 163 that was induced asymmetrically ( Figure 1B -G, Figure S2 ). 6 to 48 hours after 164 grafting, the number of graft-differentially expressed genes that were asymmetrically 165 expressed was roughly 3-fold greater than those symmetrically expressed indicating 166 that tissues above the cut changed their expression dynamics relative to below the cut. 167
However, at 72 hours the numbers were nearly equal, and by 120 hours, the number 168 of symmetrically differentially expressed genes was 3-fold greater than those 169 asymmetrically expressed ( Figure 1B) . As a second approach, we performed a 170 hierarchical clustering analysis that indicated that the grafted top and grafted bottom 171 became most similar after 72 hours ( Figure S3 ), consistent with the symmetry 172 analysis ( Figure 1B ). Thus, graft healing and tissue reunion promoted a shift from 173 asymmetry to symmetry ( Figure 1B The shift from asymmetry to symmetry could be due to phloem reconnection at 72 198 hours ((4), Figure 2A ) and the resumption of hormone, protein and sugar transport. 199
We tested a role for sugar by grafting in the presence of exogenous sucrose which has 200 previously been reported to affect grafting success (24). Low levels of exogenous 201 sucrose lowered grafting efficiency (Figure 2A ), suggesting that differential sugar 202 responses at the graft junction might be important for vascular reconnection. 203
Expression of ApL3, a gene whose expression is induced by sugar (25), was rapidly 204 upregulated in separated tops and grafted tops, whereas expression of DIN6, GDH1 205 and STP1, genes whose expression is repressed by sugar (25-27), was rapidly 206 upregulated in separated bottoms and grafted bottoms ( Figure 2B , Figure S4 ). These 207 observations were consistent with sugar accumulation in the grafted top and sugar 208 depletion in the grafted bottom. The expression of these genes returned to levels 209 similar to intact samples by 120 hours and, with the exception of ApL3, the grafted 210 samples normalised expression more rapidly than the separated tissues. Genes 211 associated with photosynthesis increase expression in separated bottoms 24 hours 212 after cutting, a common response to starvation (13), but likely too late to affect sugar 213 levels before 24 hours ( Figure S4 ). A transcriptional overlap analysis with RNAs 214 from known glucose-responsive genes (Table S1 ) revealed a strong overlap with 215 genes differentially expressed by grafting. RNAs from known glucose-induced genes 216 were upregulated in separated tops and grafted tops, whereas transcripts from known 217 glucose-repressed genes were upregulated in separated bottoms and grafted bottoms 218 ( Figure 2C , Figure S4 ). This trend was not observed with genes differentially 219 expressed by mannitol treatment ( Figure S4 ), suggesting the effect was specific to 220 metabolically active sugars. To further investigate this effect, we stained grafted, 221 separated and intact plants with Lugol solution to assay for the presence of starch. 222
Staining above the graft junction increased 48-72 hours after grafting ( Figure 2D ). By 223 120 hours, staining was equal on both sides of the graft whereas in separated tops 224 staining became stronger after 72 hours ( Figure 2D , Figure S4 ). We concluded that 225 starch accumulated above the graft junction, but after 72 hours, this asymmetry 226 disappeared. To test whether the accumulation of starch and increased sugar 227 responsiveness could explain the observed transition from asymmetry to symmetry, 228 we compared our datasets to previously published genes that are induced by 229 starvation or are induced by sucrose re-addition (Table S1 ). In early time points, 20-230 31% of asymmetrically expressed genes are genes known to respond to sugars 231 compared to 2-5% of symmetrically expressed genes (Table 1) . However, at 72 hours, 232 the overlap between asymmetrically expressed genes and sugar responsive genes 233 reduced substantially (Table 1) Arabidopsis shoots were grafted to Col-0 wild type roots and GFP movement to the 239 roots was monitored over 7 days for phloem connection in the presence or absence of 240 various concentrations of sucrose. (B) Expression profiles for transcripts of a sugar-241
repressed gene (GDH1), and a sugar-induced gene (ApL3) were plotted for intact, 242 separated and grafted samples. (C) Transcriptional overlap between previously 243 published glucose-induced or glucose repressed genes and our dataset. The number in 244 brackets represents the number of glucose-responsive genes identified in the previous 245 dataset, and overlap is presented as a ratio out of 1.0 for differentiation expressed 246 genes (DEG) up-or down-regulated in our dataset relative to intact samples. Asterisks 247 represent a significant difference (p < 0.05) between the ratio of up-and down-248 regulated genes in a previously published transcriptome dataset compared to the ratio 249 of all up-and down-regulated genes in our grafting dataset at a certain time point. (D) 250
Lugol staining of grafted plants at various time points revealed dark brown staining 251 associated with starch accumulation. HAG, hours after grafting. 252 253 
Vascular formation and cell division activates on both sides of the graft 261
Since the grafted bottom samples exhibited a starvation response up to 48 hours after 262 grafting, we reasoned that pathways associated cell division and cell differentiation 263 would be delayed or inhibited. We looked at the expression of markers associated 264 with vascular formation and cell division in the transcriptome datasets. Cambium, 265 phloem and provascular markers activated within 6 hours in grafted top samples, but 1, (4, 5)). Notably, the early phloem marker NAC020 activated before the mid phloem 271 marker NAC086 which activated before the late phloem marker NEN4, consistent 272 with the dynamics of phloem transcriptional activation during primary root 273 development and leaf vascular induction ( Figure S5) (4). Genes associated with cell division were activated by 12 hours in the grafted top 279 and by 24 hours in the grafted bottom ( Figure 3 , Figure S5 ). On the other hand, 280 control genes whose expression does not typically vary between tissues and 281 treatments (31) were not differentially expressed in grafted tops or bottoms ( Figure  282 S6). The RNAseq expression data appeared to correlate well with transcriptional 283 fluorescent reporters for both activation dynamics and the localisation of expression 284 ( Figure 1D -F, Figure S2 ). 285
286
The similar activation dynamics of vascular differentiation genes in grafted tops and 287 grafted bottoms prompted us to test whether this phenomenon occurred with other 288 known developmental processes. We obtained lists of genes whose expression is 289 associated with various biological processes from previous publications (Table S1 ) 290
and tested how many of the genes differentially expressed in our transcriptomes 291 overlapped with the previously published lists. Differentially expressed genes in 292 grafted samples and separated tops partially overlapped with those whose expression 293 is associated with phloem, xylem and procambium formation (Figure 4 , Figure S7) . 294
There was a high overlap between Arabidopsis inflorescence stem healing and 295 grafting, as well as between vascular induction in leaf disk cultures and grafting 296 Figure S7 ). We also 302 compared our datasets to RNAs expressed in longitudinal cross sections of the 303 Arabidopsis root (32). There was little overlap between grafted bottoms and sections 304 from the root meristemic zone, whereas overlap existed between grafted tops and the 305 root meristemic zone in early time points, and between grafting and the root 306 maturation zone ( Figure S8 ). Our analysis also revealed that two genes expressed in 307 cambium, WOX4 and PXY, were induced by grafting but the primary root marker 308 WOX5 and lateral root marker LBD18 were not (Figure 3 , Figure S5 , Figure S6 ). 309 datasets and the grafting datasets. Genes whose transcripts are associated with 317 various cell types or biological processes were taken from previously published 318
datasets (see Table S1 ) and compared to the transcriptomic datasets generated here. 319
The number in brackets represents the number of cell type-specific or process-specific 320 genes identified in the previous dataset, and overlap is presented as a ratio out of 1.0 321 for differentiation expressed genes (DEG) up-or down-regulated in our dataset 322 relative to intact samples. Asterisks represent a significant difference (p < 0.05) 323
between the ratio of up-and down-regulated genes in a previously published 324
transcriptome dataset compared to the ratio of all up-and down-regulated genes in 325
our grafting dataset at a certain time point. 326 327
Auxin response is symmetric at the graft 328
The rapid activation of vascular markers in the grafted bottoms despite the starvation 329 response promoted us to investigated whether other mobile substances such as 330 phytohormones could play a role in gene activation. We compared lists of genes 331 known to respond to cytokinin, ethylene or methyl jasmonate (33) and found no 332 substantial overlap between these lists and genes differentially expressed by grafting 333 ( Figure S9 ) (Table S1 ). Abscisic acid-responsive and brassinosteroid-responsive genes 334 showed overlap with genes differentially expressed in our datasets, but this overlap 335 was of a similar magnitude in both separated and grafted datasets suggesting the 336 effect was not specific to grafting ( Figure S9 ). Auxin responsive transcripts were 337 exceptional though, as they showed a substantial overlap with RNAs differentially 338 expressed in our data sets that varied depending on the treatment ( Figure 5A We hypothesized that the symmetric auxin response and asymmetric sugar response at 370 the graft junction could allow a unique transcriptional response since neither 371 separated plants nor intact plants had similar response dynamics to sugars and auxin 372
as measured by genome-wide gene response, starch accumulation and p35S:: Venus expression (Figure 2, Figure 5 ). To uncover protein-coding genes differentially 374 expressed specifically by grafting, we performed an empirical Bayesian analysis (36) 375
where at each time point we computed likelihoods for each gene for each possible 376 pattern of differential expression in the intact, grafted top, grafted bottom, separated 377 top and separated bottom tissues ( Figure 6A ). These likelihoods were used to define a 378 similarity score between pairs of genes, which was used to cluster genes with similar 379 patterns of gene expression across the five tissues (37). Clusters were then identified 380 by the predominant pattern of gene expression observed within a cluster. This analysis 381 produced 113 clusters containing at least 10 RNAs at a single time point (Table S2 ; 382 Dataset S1). Approximately 6000 genes were differentially expressed in at least one 383 tissue whereas between 1000 and 4000 genes were not differentially expressed 384 ( Figure 6B) . differentially expressed in separated bottoms increased in numbers, suggesting these 397 tissues gained a unique pattern of gene expression. The cluster containing genes 398 differentially expressed in grafted tops and grafted bottoms increase in numbers 399 throughout the healing process ( Figure 6C ). We searched for cluster categories that 400 contained genes only differentially expressed by grafting and found very few genes downregulated by grafting or upregulated only in the grafted top ( Figure 7A ). Instead, 402 there were clusters that contained several hundred differentially expressed genes 403 present either in the grafted bottom only, or present in both grafted bottom and grafted 404 top ( Figure 7A ). Genes whose expression changed only in the grafted bottom sample 405 were prevalent early during grafting and were most common at 48 hours, whereas 406 genes activated in both top and bottom became prevalent at 48 hours and were most 407 common at 120 hours ( Figure 7A ). We performed a gene ontology (GO) analysis on 408 the genes whose expression was grafting-specific and found that genes coding for 409
RNAs differentially expressed only in the grafted bottom sample were enriched in the 410 immune response and chitin response biological process categories (Table S3) . 411
Previously published chitin-induced RNAs had a high proportion of overlap with 412 differentially expressed graft bottom-specific genes ( Figure 7E , Figure S10 ). 413
Grafting-specific RNAs expressed symmetrically, in both the grafted top and grafted 414 bottom, were enriched in vascular-related biological processes (Table S3 ). Previously 415 published phloem-enriched, endodermal-enriched, vascular-induction and stem-416 wounding associated RNAs had a high proportion of overlap with differentially 417 expressed graft-specific genes ( Figure 7C -D, Figure S10 ). Since few genes were 418 grafting-specific and grafted tissues were initially transcriptionally quite similar to 419 separated tissues ( Figure 6C, Figure 7A ), we reasoned that tissues separated for short 420 periods (<48 hours) could be grafted with similar reconnection dynamics as tissues 421 that had been grafted immediately. To test this hypothesis, plants were cut at day 0, 422 and grafted at 1-5 days after separation. Separated tissues did not speed up vascular 423 reconnection, and instead, it always took three days from the point of tissue 424 attachment for vascular connections to form ( Figure S10 ). Furthermore, the shoot lost 425 competence to graft 2-3 days after separation whereas the root remained competent to 426 graft up to 5 days after separation ( Figure S10 ). Together, it appears the grafted shoot 427 and root have a unique physiological response that differ from separated plants and 428 that tissue attachment is required to activate graft formation and tissue fusion. containing at least 10 genes whose expression was expressed in a specific differential 434 pattern in at least one time point (see Table S2 ). One group is comprised of genes 435 whose transcript levels are not substantially changed in the five tissues (unchanged) 436
whereas the other group is comprised of the sum of the other 112 groups (genes 437 whose transcript levels changed after treatment in a least one tissue) over the time 438 points tested. (C) Major categories in the segmentation revealed RNAs whose levels 439 changed in all the treatments listed relative to intact samples. Note that a gene can be 440
represented only in one category for a given time point, that category in which the 441 transcript level changes best fit the category. 442 previously published RNAs whose differential expression is associated with stem 451
healing were compared to our dataset to assess transcriptional overlap with the 452 grafting-specific genes. Asterisks represent a significant high overlap (p <0.05) of 453 previously published genesets that are also differentially expressed in the grafted 454 samples at a certain time point. (D-E) Genes differentially expressed in grafted tops 455
and grafted bottoms show high overlap to 324 previously published genes whose 456 transcripts are associated with phloem, whereas genes expressed in grafted bottoms 457
show high overlap to 286 previously published genes whose encoded RNAs are 458 associated with chitin treatment. Asterisks represent a significant high overlap (p 459 <0.05) of previously published genes that are also differentially expressed in the 460 grafted samples at a certain time point. 461 462
DISCUSSION 463
To better understand how plants graft, we analysed in depth an RNA deep sequencing 464 dataset that spatially and temporally distinguished genes activated by cutting followed 465 by tissue attachment or continuous tissue separation. Cutting promoted a similar 466 wound response in both grafted and separated tissues, however, by 72 hours after 467 cutting the grafted and separated tissues became transcriptionally dissimilar ( Figure  468 6C) indicating that tissue fusion was mechanistically different from healing an 469 unattached cut surface. During graft formation, tissues had a very high transcriptional 470
overlap with genes differentially expressed by inflorescence stem healing and by 471 vascular induction in leaves (Figure 4, Figure S7 ) (9, 29) suggesting grafting is 472 closely related to tissue reunion and vascular formation processes. Graft formation 473 had little transcriptional overlap with lateral root formation ( Figure S6 )(32) and 474 appeared to follow a pathway similar to secondary root growth ( Figure S6, Figure S8 ) 475 since cambium markers WOX4 and PXY that are specific to secondary growth were 476 expressed during grafting (38)( Figure S5 ). Grafted tops initially showed a short-477 lasting and small transcriptional overlap with genes expressed during primary root 478 formation which may be related to the accumulation of substances activating 479 adventitious root formation, a common response in failed grafts or in cut shoots 480 ( Figure S4C ). Thus, we conclude that grafting proceeds via a pathway involving 481 secondary growth with radial meristems activating in the mature cambium to heal the 482 wound. Vascular formation genes including those specifying cambium and phloem 483 were activated early, followed by an activation of cell division genes, suggesting that 484 the start of cellular differentiation preceded activation of cell division. Xylem identity 485 genes showed an early and a late activation peak (Figure 3, Figure S5 ). There is no 486 visible xylem differentiation at the graft junction during the first peak of expression 487 (4) and these genes might be suppressed by phloem differentiation genes such as APL 488
and CLE41 that activate early after grafting and are known to suppress protoxylem 489 formation (39, 40)( Figure S6) (Table S4 ). Alternatively, the first peak could represent 490 programmed-cell death that does not lead to xylem differentiation. The second 491 expression peak of xylem-expressed genes at 120 hours occurred after the 492 differentiation of functional phloem and coincided with the differentiation of xylem 493 strands at the graft junction (4). Previous studies highlighted the importance of callus 494 and pericycle cells during regeneration (16, 41), but we see little evidence that genes 495 expressed in the pericycle or during callus formation have high transcriptional overlap 496 with genes differentially expressed by grafting ( Figure S4 ). Expression profiles for all 497 protein-coding genes can be found in table S4. 498
499
We observe only a slight delay in phloem, cambium and cell division activation 500 below the graft junction compared to above it (Figure 3, Figure S5 , Figure S6 ) 501
whereas several genes associated with vascular formation, such as HCA2 (42) and 502 TMO6 (43), activated equally in both grafted top and grafted bottom at 6 hours after 503 grafting ( Figure 1D-G, Figure 3) . These data indicate that, at least transcriptionally, 504 the grafted root rapidly responded to the presence of the grafted shoot and this 505 response was independent of functional vascular connections. This response was not 506 present in separated roots, indicating that attachment was key for recognition. Sugars 507 are known activators of cell division and cell elongation (13) and in our datasets, a 508 large proportion of asymmetrically expressed genes are genes that are sugar-509 responsive. However, sugars are transported in the phloem (12) that is severed upon 510 grafting whereas the grafted root exhibited a sugar starvation response and showed 511 similar sugar-response dynamics as the separated root. Instead, we infer that not sugar 512 but auxin, or some other molecular that is transported in the absence of vascular 513 connections, could be the signal in the grafted bottom that activates HCA2, TMO6 as 514 well as cell division, phloem-and cambium-related genes. Alternatively, separation 515 might cause a build-up of molecules from the root that suppress vascular induction 516 genes such as HCA2 and TMO6. 517 518 Given auxin's role in vascular patterning and formation ((38) , it is a strong candidate 519 for the activating signal. Auxin response was largely symmetric, particularly from 12 520 hours after grafting ( Figure 6 ) consistent with previous findings that the auxin-521 inducible DR5 and ANAC071 genes are symmetrically expressed around the graft 522 junction (4-6, 44). One idea is that auxin transport was not substantially interrupted by 523 the grafting process, and instead, where opposing tissues adhered, auxin moved 524 regardless of vascular connections since auxin is transported from cell to cell through 525 the apoplast (8). The genes encoding auxin efflux proteins PIN1 and ABCB1 were 526 transcriptionally activated above the graft junction ( Figure 5D ), similar to putative 527 Pisum sativum PIN1 protein accumulating above a cut stem prior to vascular 528 reconnection (45), and could reflect a role for these proteins in exporting auxin across 529 the cut. Consistent with these observations, adding an auxin transport inhibitor to 530 grafted Arabidopsis shoots prevented the expression of grafting-induced genes below 531 the graft junction (6). Since auxin is fundamental for patterning vasculature (38), it is 532 plausible that auxin movement across the graft occurs prior to sugar movement since 533 the flow of auxin could assist with reconnecting the phloem. Although auxin response 534 was symmetric, our previous work demonstrated that the auxin response factors ALF4 535 and AXR1 affected grafting only below the graft junction (4). Mutating ALF4 below 536 the graft junction more strongly reduced auxin response than mutating ALF4 above 537 the junction (4). Thus, proteins such as ALF4 or AXR1 might enhance or promote 538 rootstock-specific auxin response and vascular regeneration that could be particularly 539 important when there is incomplete attachment, cellular damage or inefficient 540 transport. All higher plants transport auxin from shoot to root, yet not all plant species 541 can be successfully grafted (3) so the response to auxin rather than the transport itself 542 may be a determining factor in the ability to graft. A role for sugars is not completely 543 ruled out though, since the magnitude of differential expression was often lower in the 544 grafted bottom and exogenous sugar reduced grafting efficiency (Figure 2A) . 545
Pericycle cells require auxin to divide and the addition of sugars enhances the rate of 546 divisions (46), suggesting that the presence of sugars in the grafted top enhanced cell 547 division and differentiation. Another hypothesis that warrants testing is whether graft 548 healing activates via a mechanical signal provided by the physical presence of the 549 opposing tissues. 550
551
Our analyses identified two groups of genes whose expression changes were unique 552 to graft formation in our experiments (Figure 7) . One group activated shortly after 553 grafting below the graft junction and was enriched in immune-responsive and chitin-554 responsive genes (Table S3 , Figure 7 , Figure S10 ). The breakdown products of cell 555 walls are potent elicitors of defence responses (47), so it is possible that the grafted 556 bottom upregulates pathways specific to wound damage response. This group was not 557 upregulated in separated bottoms though, so the unique physiological state of the 558 grafted root, indicated by the presence of auxin response but the absence of sugar 559 response, could have promoted their upregulation. The second group activated both 560 above and below the graft junction and became highly expressed later during graft 561 formation (Figure 7) . This group was enriched in RNAs associated with vascular 562 development (Table S3 , Figure 7 ) and we suggest that the products of these genes are 563 involved in the vascular reconnection processes between the two tissues. Despite 564 many transcriptional similarities between separated tops and grafted tissues, tissues 565 had to be attached for at least three days for phloem connections to form, regardless 566 of when cutting occurred ( Figure S10 ). Thus, it appears that RNAs expressed in the 567 separated top or separated bottom are insufficient to drive graft formation. Instead 568 attachment and the genes activated by this recognition process including grafting-569 specific RNA changes ( Figure 7A) or RNAs expressed in the grafted bottom, grafted 570 top and separated top ( Figure 6C ) are those that contribute to a response that 571 distinguishes attached from separated plant tissues. Future work should focus on these 572
RNAs to identify the pathways required for grafting that could be modified to 573 improve graft formation, wound healing and vascular regeneration. Likewise, the 574 rapid transcriptional changes below the graft indicate a recognition system that 575 promotes tissue regeneration. Identifying the exogenous cue that triggers recognition 576 and understanding how it is perceived should be priorities, as should understanding 577 whether this phenomenon applies more broadly to inter-tissue communication, tissue 578 regeneration or tissue fusion events, such as parasitic plant infections (48) pDONRp4-p1R donor vector, and recombined with tagRFPer into a destination vector 589 by the Multisite Gateway system (59). Arabidopsis thaliana micrografting and 590 grafting assays were performed according to previously published protocols (60, 61) . 591
Fluorescent images were taken on a Zeiss LSM-700 or LSM-780 confocal 592 microscope. Black and white fluorescent images of graft junctions were taken on a 593
Zeiss V12 dissecting microscope. FIJI software (Fiji.sc) was used to process images. 594 A micro-extensometer was used for all breaking force graft measurements according 595 to a previously published protocol (62). 596 597
RNAseq sample and library preparation 598
Grafted wild type Arabidopsis thaliana accession Col-0 were harvested at the 599 respective time points and care taken to separate grafts by gently pulling plants apart. 600
Approximately 0.5mm of tissue was taken above or below each cut site and kept 601 separate. Intact plants had 1mm of tissue taken in a similar location on the hypocotyl 602 as separated or grafted plants. Grafted, separated or intact tissues were pooled into 603 groups of approximately 24 tissues . Tissues were ground using a microcentrifuge 604 pestle frozen in liquid nitrogen. RNA was extracted using an RNeasy Kit (Qiagen, 605 UK) following the manufacturer's instructions. 90-100ng of RNA was used to prepare 606
RNAseq libraries using the TruSeq® Stranded mRNA LT kit (Illumina, UK) 607 according to the manufacturer's instructions. The final PCR was for 15 cycles and 11-608 12 barcoded samples were randomly mixed to make a total of 7 mixes for 7 flow 609 lanes, one mix per lane. Samples were sequenced on the HiSeq 4000 platform 610 (Illumina, UK) with Paired End 75bp transcriptome sequencing (BGI Tech Solutions, 611 Shenzhen, China). 612 613
Iodine staining 614
Arabidopsis seedlings were placed in a fixation solution (3.7% formaldehyde, 50% 615 ethanol, 5% acetic acid) for 1 hour at room temperature, then transferred to 70% 616 ethanol for 10 minutes. Afterwards, plants were transferred to 96% ethanol and stored 617 at -20°C for up to a week. Samples were rehydrated in 50% ethanol for 1 hour at 618 room temperature, transferred to distilled water for 30 minutes, then stained for 10 619 minutes in Lugol solution (Sigma) at room temperature. Plants were rinsed with water 620 and mounted on microscope slides. Images were taken on a Zeiss Axioimager.M2 621 microscope. 622 623
Bioinformatic analyses 624
The reads acquired through high-throughput sequencing were quality trimmed with 625 sickle (63) and aligned using the eXpress tool to protein-coding gene sequences 626 acquired from TAIR10 using Bowtie2. Library scaling factors were inferred from the 627 sum of the number of reads assigned to the genes in the lowest seventy-five 628 percentiles of expressed genes for each library (64). Analyses of the data were carried 629 out using the R package baySeq (36)and clustering based on the posterior 630 probabilities acquired from this package. The gene ontology analysis (GO) 631 enrichment analysis on grafting-specific genes was done with a customized R script 632 using the package GOstats (65). 633
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